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THEORETICAL MODEL OF LIQUID METALS*

G. 1. Kerley

Theoretical D.tvision, Los A.lames National Laboratory

Los Alamos, !IJF1 87545

AllSTkACT

A theory for calculating the bulk properties 01 metals and other

materials is desrribrd. Thv npproacll is based upon tli~ fluid perturbati~ll

till’ory uf Krrlvy [1-3] and tl)tl electronic structur~ model of !.ihcrman !4].

Applic;ltioll of t Ilt’ Llluory illv(JlvLJs tllruu steps. FirSL, tile ZCr(J Kelvil)

i+f)i]]l)rm of tll~, sulld is cl)l!.+Lru(’Lt,(i from electronic strucLure calculations,

expcrimtlnl:ll (Ii)ta, @r b[)th. Tt)l s rurvt) cf)ntains information alwut tl)II

cffc.ctlv~, lnt(!ract Ions bt,tw(,(,n iILIms 111 till’ ground {~lt~cLrunit’ ~t;+t(.. Nt’xt ,

t~II’ rIIld (’llrvr is (I)mt,in(’d wiLll 1){’llurhilLioI) Lht’ory LI) uompllttt C,)ntr!hut ions

from c t)t, rm,l 1 mot {011 (It t II(. iltoms tfl till’ liquid propurt ik,s. Finally,

contrihuLions f rom Cll(’rm,ll t’ Iert r(m t!x(”itat inn aru c(lmput~ld using tll{

(Ilocrronic” stru(.turr ml)d(~l . 111 this paper, wt. show t lIA~ tll(lor~~ agrt.i,s KL,1 I

Wflll ctxl)(~rltn(,l)lill dut:l tor X(IIIIIII iIII(l jr,)llo
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INTRODUCTION

Because of recent progress in the theory of fluids [5,6], it is now

possibie to make accurate calculations of the equation of state -(EOS) and

other bulk properties starting with specified interm ecular forces.

However, attempts to apply the new theories to specific materials are

hampered by lack of knowledge about the interaction potentials.

Calculations for liquid metals are particularly complicated because tile

effective potentials depend upon density [7].

For this reason, we have developed a theory of fluids [1-3], called the

CRIS ❑odel, that does not require explicit knowledge of the Intermolecular

potentials. Instead, the potential energy of a fluid molecule in the cage

formed by its neighbors is calculated from the zero Kelvin isotherm (cold

curve) of the solid. While doing away with the pair potential, the theory

retains the essential features of a fluid model , and it agrees well witl~

results from computer experiments for simple potentials [3]. Since tllc

solid cold curve is often known from either tht”ory or experiment , the modul

cnn he applied t.n mmny practical problems.

In the CKIS model, the electrons are taken to be in tlw ground !it:lL(?.

In this pappr, we use th~ average iltom model of Lihermn [4] t o Calculatt’

additional co[l?rtbutions to the EOS from thermal excitation of tllc’

clrctron~m These terms tire essential for describing mvt~ls with a high

electronic Kperific heat and for explaining very hip,h prussure shock w+ivu

daL:l In rare gases nml other mnterials.

l)ESCRIPT1ON t)F T)[K MOD}:I,S
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input to PANDA. Our description of these models and codes will be brief.

Details are disicusssd in Refs. 1-4 and 8.

For the cases considered in this paper, the solid EOS can be written as

the s~lm of three terms. For example, the pressure is given by

Ps(P,T) u ‘c(P)+ PL(P,T)+PE{P,T), (1)

where p is the density and T is the temperature. Formulas for the energy

and free energy are similar to Eq. (l).

PC(P) is the electronic contribution to the zero Kelvin isotherm, which

WII have constructed using bot!~ theorecica’1 methods and experimental data.

For xenon, as discussed below, we used tile a priori calculations of Ross and—

McMallan [10]. Fui irf~u, we USLJCI th measurements of Mso and Bell [11].

PL(PtT) is the lattice \~ihratiol)i~l cnntributjon to th~ EOS. WLIuse tllt~

Debyc modl~l,

(2)

R is ttlc ga~ con~tant, h’ is ttlfl mf.,l~~cular weight, 0 i~ the’ I)cbyl’

ternperaturc, and -r js thr (;rii~l.)isell function. Tt,c density d(tpendrnce of y

and (l wore dctcrmincd from :1 !ormu]a lik[l tl~~l of Slntrr [!2], buL ildj~l~t~d

to agree with exp~rim(’nt;ll dnt~ nL thd normnl solid density [R].

PE(P,T) iR the thcrrn;ll rlcrtr~lnlc contribution to the Eus , Vllic’11 is

diRcusscri hclnw.
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The Fluid Model—— —

The EOS for the fluid phase consists of two terms. The pressure is

given by

pF(Ps T) - pN(P,T) + pE(P,T)o (3)

PN(P,T) includes contributions from the ground electronic state and the

nuclear degrees of freedom, calculated using the CRIS ❑odel , and PE(P,T) is

the thermal electrc :. ;erm.

In the CRIS model [2], a function $ is defined to be the potential

energy of a fluid atom in the cage of its neighbor~. The structure of this

cage and the energy @ vary from ❑olecule to molecule. The fluid properties

are computed using a perturbation expansion which involves averages of $

over the appropriate distribution function. To first order, the Helmholtz

free energy is

(4)

Here AO is the free energy of a hard sphere flliid, o is tl~e hurd Gphr.-c’

diameter, N is the trrtal r?umber nf ❑olecules, and <$>() i~ an ~veriige of $

over the hard sphere distribution. o Is defined as N function of density

and temperature by minimizing Kx. The CRIS modul also inclwlcs corructlnnh

to the first order approximation.

The function + is obtained from LIIV zcru KelvlII .-urv~l LIIuL is

constructed for the solid as described ahovv. Hence, PN(P,l) includcls

contribution from both nuclear and electronic degr~cs of frerdom, wiLh L11~1

electrons taken t,n br in the ground Statr?. Ilowevrr, the nuclenr ;lnd

electronic motions arr Ktrol,kly coupled, so thnt scpnrtitv cold curve’ ;111(1

nuclear terms cannot be defined a~ they cnrl for Lhr solld phnsr.
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The Electronic Model

INFERNO, a model for calculating the electronic structure of dense

matter, has been developed by Liberman [4]. He considers an average atom,

at the center cf a Wigner-Seitz sphere, surrounded by an electron gas and &

uniform positive charge which simulate the neighboring atoms. He ‘solves the

Dirac equation to obtain wave functions and er,ergies for both discrete bound

states and continuum free states. The average electron charge c!ensity is

computed from the wave functions, by populating the energy levels sccording

to Fermi statistics. The screened potential and the charge distribution,

which depend upon density and temperature, are required to be

self-consistent. The electronic entropy is also calculated from Fermi

statistics; the PANDA code computes the pressure, energy, and free energy

numerically, using well. known thermodynamic formulas.

Calculations using INFERNO exhibit atomic shell structure effects which

can cause interesting results in the EOS. In Fig. 1, we compare

calculations for aluminum with those using the simpler Thomas-Fermi-Dirac

(TFD) theory [9,13], At low densities, the entropy vs temperature curve<

exhibit steps which correspond to different stages of ionization. At higher

densities this structure disappears because the discrete atomic levels

be<ome pressure ionized and broadened into bands. At very high densities,

INFERNO and TFD calculations are in good agreement.

XENOX - AN A PRIORI CALCULATION

Very hi~h pressure shock wav~~ data for dr~l~[l aild XVIIUII SI),JW lIiLtJt’eSL~III:

behavior thot appears t{) be associated with thermal excitation of L.llt’

electrons. For xenon, it is possible to makr a.1 Y Jlr_iSi cal~’[llotion and t{)

compare the results with experiment as a test of the theory,

The cold curve used in our work WJS taken from thu band tli(’orc’ticnl

calculations of Ross and McMahan [10]. We used the INF’llRNo rode t () Cx:vnd

their data to higher pressures. ThtI result IS shown ~n Fig. 2. ‘I’l)(’

theoretical cold curvv 1s In gt)od a~rr(’m(’lit vitli tt]v cxperimentol dil t il [) f

Syasscn and Holzapfe] [14].
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Like all materials, the rare gases are expected to become metallic at

high densities [15]. For xenon, the band calculations [10] predict the

energy gap between the filled 5p band and the empty condllction band to close

at a der,aity of aL.out 12 g/cc. At the high temperatures reached In t,~e

shock wave experiments, effects of the Insulator-metal transition can be

observed at lower densities. As shown by Ross [15], narrowing of the band

gap increases the energy absorbed by electronic excitation and also ❑akes a

negative contribution to th~ pressure; bot;~ efrects soften the Hugmiot.

The INFERNO calculations give results similar to those predicted by

Ross’s model. AS shown in Fig. 3, the thermal electronic pressure PE(P,T)

is negative in the density range 2 - 10 g/cc, for temperatures less than

3 eV. INFERNO predicts closing of the band gap to occur at about 1(-I g/cc,

in fair agreement with the band calculations.

The Hugoniot for xenon 116,17] is shown in Fig. 4. Calculations in

which no electronic ‘~xcitation is allowed are in good agreement wit])

experiment at pressures helov 40 GPa but give poor results at the high

pressures. When the TFD model is used to describe the electronic

excitations, the results are better but still not satisfactory.

Calculations using the IP!FERNO ❑odel are in excellent agreement With t 11(’

experimental data. The theory gives similar results whun applied to shock

wave data for argon.

I RON

Application of the theory to iron is complicated by the cxistencc or

several solid phases. In this etudy, wc have treated iron as if it had only

one solid pha~e, taken to be close-packed. For the purposes of this pnpcr,

differences between the hcp c-phase and the fcc y-phase are nc’~ligiblu. A

❑ore complete EOS calculation, that includes treatment of thr bcc a-phnsc,

will be discussed elae~Jherr.

ExpcrimenLal and theoretical drita 111,18,19] for tllv cold curvl of

close packed iron are dcpictcd in FiR. 5. In thin work we hnvc usttri fill

analytic fit to the IIata, primarily determined by tl~e mcnsur~~mcnt~ of }11)(>
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and Bell [11]. For the solid model, values for the Griineisen parameter and

Debye temperature were taken from Refs. 20 and 21.

In relating the properties of a fluid to the solid cold curve, key

assumptions of the CRIS model are that the fluid structure is dominated by

short-range forces and that these forces are similar in both the fluid and

the solid. in Fig. 6, we compare our calculated structure factor for molten

iron with the ❑easurements of Waseda and Suzuki [22]. The agreement is very

good, demonstrating that the model gives a good description of the short

range liquid structure.

In perturbation theories of fluids, che effective hard sphere diameter

a characterizes the structure and the interaction at short distances.

According to Dymond and Alder [23], u can be used to make a rough estimate

of transport properties. The viscosity for molten iron 1S shown in Fig. 7.

The solid curve was calculated from the hard sphere formula ~24], using the

hard sphere diameter computed from the CRIS ❑odel. Agreement with the data

of Cavalitr [25] is fairly good.

The theoretical melt ing curve for iron is shown in Fig. 8. In this

calculation, wc forced agreement with the experimental melting point at zero

pressure [26] by subtracting an empirically-determined ccnstant from the

free energy of the fluid. This correctl.on was ’fqunc! to be 4.25 kcallmole,

~bout 4% of the solid binding energy.

Calculated Hugoniots for iron of two initial densities arc also shown

in Fig. 8. Alpha-phask iron, having a density of 7.85 glee, transforms t ()

the c-ph~sc at about 13 GPa under shock loading [21]. According to our

calculations, melting ehoul.d begin at about 320 GPa. This result 1s in fnir

agreement with thn Vnltl@ rlf 260 GPa obtnined by l!rown and Mc(~~eon {20].

Porous a-phase Iron, with an i?litial density of 4.8 R/cc, is predicted Lo

❑elt at 45 GPa.

Shock velocity-particle velocity curves for iron of various Initiitl

densitieR [20,27,28] are shown in Fig. 9. Agreement between the theory and

the ❑en~urernrnts for normal d~nsity iron is very Rood over the entir~~ rilngr

of the clome-packed tiulid and fluid pha+us, extending up to 1000 G1’i\. TtIQ

tlwory also predlct~ the correct bemavior as iI function of por~aity. Ml)r(’

det:lil can bc seen in Fig. 10, which 19~)OWFB tl)c Rhock data for iltl initi:ll

(iPllfiity of 4.8 u/CC. ARrecmcnt with experiment iR cxc.cllent except nt th(~

Iouetit presRurefi, for wnfch the nhocked etnte IS the u-pha~c.
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FIGURE CAPTIONS

Fig. 1. Electronic entropy for aluminum as a function of temperature at
several densities. Solid lines were calculated using ”the INFERNO

model, dashed lines were calculated using the TFD model.

Fig. 2. Zero Kelvin isotherm for xenon. Circles ,~re from Ref. 10, squares
are from Ref. 14, and triangles were calculated using the INFLRNO
model. The solid line is the cold curve used in this wurk.

Fig. 3. Thermal electronic pressure, as a function of density, for xenon

at several temperatures.

Fig. 4. Hugoniot data and theoretical calculations for xenon. Squares are
from Ref. 16, circles are from Ref. ]7.

Fig. 5. Zero Kelvin isotherm for iron. Circles are from Ref. 11,
triangles are from Ref. 18, squares are from Ref. 19, and diamonds
were calculated using the INFERNO ❑odel. The solid line is the
cold curve used in this We-?.

Fig. 6. Structure factor for I!quid iron at a density of 6.862 gfcc and
temperature of 1893 K. Circles are from Ref. 22, and ttl(! solid
line is theory.

Fig. 7. Shear viscosity for llquid iron as a function 01 te,np yratllr~~.
Circles are from Ref. 25, and LI)C solid line is tlll~ory.

Fig. 8. Theoretical mcltfllg curve and shock Hugoniots for iron.

Fig. 9. Shock velocity-particle velocity datn for iron at four initial
decsities. Experimental duta are from Iic’fs. 20, 27, and 28, and
the solid lines are Lh?ory.

Fig. 10. Hu}?oniot for poruus iron hnvjng nn i~itial d(!nsity of 4.8 &’Cl-.
Experimental d;itfl are from R~lfs. 20 {IIId 27. ‘f’llu lower sLlc=tinn C]f
the calculated curvv corresponds t () t ho solid nnd t}lt! uppt’r
ticctlon correspomf!i Lo tlic fluid. Tl]e mix~’d ])~iils~~ rrgioll is sht)wn
by a dashed curv~’.
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